Abstract-Sentinel-2 is a wide-swath and fine spatial resolution satellite imaging mission designed for data continuity and enhancement of the Landsat and other missions. The Sentinel-2 data are freely available at the global scale, and have similar wavelengths and the same geographic coordinate system as the Landsat data, which provides an excellent opportunity to fuse these two types of satellite sensor data together. In this paper, a new approach is presented for the fusion of Landsat 8 
Mapper (TM) sensor was launched in 1984, but the TM sensor stopped transmitting in November 2011. As the successor of Landsat 5, the Landsat 7 satellite was launched in April 1999. In May 2003, however, the scan-line corrector (SLC) of the Landsat 7 Enhanced Thematic Mapper Plus (ETM+) sensor failed permanently, resulting in SLC-OFF images with around 22% dead pixels from May 2003 to present [1] . To maintain the Landsat data continuity and cope with the SLC-OFF issue of the Landsat 7 ETM+ sensor, the new generation Landsat 8 satellite equipped with Operational Land Imager (OLI) sensor and Thermal Infrared Sensor was launched in February 2013, and the sensors are now in operation routinely acquiring global remote sensing data [2] . The limitation of Landsat is that the satellites can only revisit the same area every 16 days. In most cases, the acquired Landsat data for specific areas can be contaminated by cloud and shadow, meaning that obtaining one clean Landsat image per month is considered a good outcome [3] . The temporally sparse time-series Landsat data are, therefore, unsuitable for global monitoring of rapid changes, such as urbanization (especially in highly developed cities, such as Shenzhen in China) [4] , [5] , deforestation and forest degradation (such as in the Amazon rainforest) [6] , and rapid phenology changes (e.g., due to crop harvesting) [7] .
To obtain more frequent Landsat data for timely monitoring, spatio-temporal fusion methods have been developed to downscale 500 m Moderate Resolution Imaging Spectroradiometer (MODIS) images to 30 m Landsat-like images [8] [9] [10] [11] [12] [13] . The spatial and temporal adaptive reflectance fusion model (STARFM) is one of the earliest spatio-temporal fusion methods [8] . The MODIS sensor can revisit the same area on a daily basis, which is of great use for near real-time monitoring at the global scale. Some spatio-temporal fusion methods require at least one pair of MODIS-Landsat images acquired on the same day to guide the downscaling process of MODIS on other days [8] [9] [10] . This can be demanding for a given period. Moreover, from the observed spatial resolution of 500 m to the target resolution of 30 m, the downscaling process involves a large zoom factor of 16, indicating large uncertainties given the ill-posed nature of the problem. In addition, the difference between the geographic coordinate system of MODIS (in the sinusoidal projection) and Landsat (in the UTM/WGS84 projection) may potentially lead to additional uncertainties in downscaling.
In June 2015, the Sentinel-2 satellite was launched for data continuity and enhancement of the Landsat and Systeme Probatoire d'Observation de la Terre (SPOT) missions. Sentinel-2 is a wide-swath and fine spatial resolution satellite imaging mission of the European Space Agency (ESA) developed in the framework of The 0196-2892 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
European Union Copernicus programme [14] [15] [16] . Sentinel-2 Multispectral Imager (MSI) provides 13 spectral bands, with four bands at 10 m, six bands at 20 m, and three bands at 60 m spatial resolution. The satellite revisits the same area every ten days with a constant viewing angle. The free access, fine spatial resolution, global coverage, and fine temporal resolution make the Sentinel-2 data of great utility for a wide range of applications based on remote sensing. The Sentinel-2 MSI bands have corresponding wavelengths to the Landsat 8 OLI bands; see the example for Landsat 8 and Sentinel-2 data in Table I [17] . Moreover, the Sentinel-2 products published online have the same geographic coordinate system as Landsat products. The free access to both Sentinel-2 and Landsat data, the similar wavelengths, and the same geographic coordinate system provide an excellent opportunity to combine these two types of data for more continuous monitoring at the global scale. As seen from Table I , however, the spatial resolutions of the two types of data are different; specifically, Sentinel-2 has finer spatial resolutions (10 and 20 m) than Landsat (30 m) .
In this paper, for the first time, we fuse Landsat 8 OLI and Sentinel-2 MSI data by addressing the incompatibility problem of spatial resolution to achieve potentially continuous monitoring. There are two potential schemes for the fusion task. The first is to upscale the 10 or 20 m Sentinel-2 data to 30 m to match the spatial resolution of Landsat 8. This scheme is straightforward, but wastesthe valuable 10 m information obtained by Sentinel-2. The second scheme is to downscale the 30 m Landsat 8 data to 10 m to match the spatial resolution of Sentinel-2. This scheme aims to take full advantage of the available information in both Landsat 8 and Sentinel-2. For global monitoring, analysts always prefer to obtain as much detailed spatial information as possible. In this paper, the second scheme is considered. Specifically, we downscale the 30 m bands 2-7 of Landsat 8 to 10 m, with the aid of 10 or 20 m resolution data in the corresponding Sentinel-2 bands 2, 3, 4, 8, 11, and 12. We suggest that the Sentinel-2 bands provide valuable information at the 10 m target spatial resolution, which can greatly decrease the uncertainty in downscaling Landsat 8 data. This downscaling issue is also termed image fusion in remote sensing. The significance of fusing Landsat 8 with Sentinel-2 data is twofold.
1) Temporally, it can produce more frequent time-series images at a consistent spatial resolution for continuous global monitoring. More precisely, in theory, every month Sentinel-2 can provide an additional three observations as supplementary information to the two Landsat observations, thus, increasing the number of observations every month to five. On the one hand, the increase in temporal resolution is beneficial for timely monitoring of rapid changes. On the other hand, the number of effective observations, especially for areas that can be covered easily by clouds, may also be increased correspondingly. 2) Spatially, the observed 30 m Landsat 8 data can be downscaled to 10 m and continuous monitoring can Over the past decades, various approaches have been developed for image fusion, such as the intensityhue-saturation [18] , Brovey [19] , principal component analysis [20] , a trous wavelet transform (ATWT) [21] , high-pass filter [22] , smoothing filter-based intensity modulation (SFIM) [23] , and sparse representation [24] methods. There are several reviews of the available image fusion approaches [25] [26] [27] [28] . Recently, area-to-point regression kriging (ATPRK) in geostatistics was proposed for image fusion [30] . ATPRK treats the coarse band as the primary variable and the fine spatial resolution band (hereafter, fine band) as a covariate. It is an advanced image fusion approach which has the appealing advantage of precisely preserving the spectral properties of the observed coarse images (i.e., perfectly coherent). The advantages of ATPRK over other geostatistical approaches (such as kriging with external drift [31] and downscaling cokriging [32] , [33] ) have been presented both theoretically and experimentally [30] . ATPRK is a user-friendly approach and accounts explicitly for size of support (pixel), spatial correlation, and the point spread function (PSF) of the sensor. It was shown to outperform 13 methods in pan-sharpening [34] . Motivated by the advantages and encouraging performance of ATPRK in our previous research, in this paper, ATPRK is extended for fusion of Landsat 8 and Sentinel-2 data.
When fusing Landsat with Sentinel-2 data, LCLU changes may have taken place during the period of time between the acquisition of both data sets and this can be a critical problem bringing great challenges. This is prominent when abrupt changes occur from Sentinel-2 to (relatively) coarse Landsat images. For example, hypothetically, in a Sentinel-2 image a region may be entirely covered by bare soil, but in a Landsat 8 image some parts of the region may be changed to be mixed with both bare soil and small residential buildings (smaller than 30 m). In this Fig. 1 . Proposed ATPRK-based image fusion approach for downscaling Landsat 8 multispectral bands 2-7 at t 2 , which uses both a Sentinel-2 image at t 1 and a Landsat 8 PAN image at t 2 as auxiliary data (green and red present inputs and outputs, respectively). The blue lines indicate that the Sentinel-2 bands 11 and 12 are downscaled to 10 m using 10 m Sentinel-2 bands 2, 3, 4, and 8 as inputs. To produce the 10 m Landsat 8 bands 2-4, both the Landsat 8 PAN image and the Sentinel-2 bands 2-4 are used. The dashed line indicates that whether the Landsat 8 PAN image should be incorporated in producing the 10 m Landsat 8 bands 5-7 depends on its correlation with them. For each Landsat 8 band, only the Sentinel-2 band with the corresponding wavelength is used as covariate in ATPRK (see Table I ). ATPRK is used for all downscaling processes and is performed for each Landsat 8 band separately. case, the 10 or 20 m Sentinel-2 image of this region cannot provide useful spatial information for downscaling the Landsat data (e.g., downscaling the small residential buildings that cannot be observed by Sentinel-2 at all). Therefore, using only the Sentinel-2 image may sometimes be insufficient for accurately reproducing the LCLU changes that have occurred between the acquisition time of the Landsat and Sentinel-2 data. In this context, it is worth noting that the Landsat 8 OLI sensor also provides a 15 m panchromatic (PAN) band (band 8) covering the same scene with the 30 m multispectral bands. Although coarser than the 10 m target spatial resolution, the PAN band is acquired at the exactly same time with the 30 m multispectral bands and can reveal the changes at a finer spatial resolution than 30 m which may not be observed by the 10 m Sentinel-2 image (e.g., the abrupt changes). In this paper, we propose to fuse Landsat 8 OLI with Sentinel-2 MSI data by taking full advantage of all the available information provided by the two types of sensors. Specifically, based on ATPRK, we propose a new fusion approach to incorporate 10 or 20 m Sentinel-2 and 15 m PAN images to downscale 30 m Landsat 8 images to 10 m.
The remainder of this paper is organized as follows. Section II first briefly introduces the theoretical basis of ATPRK, and then the principles of the extended ATPRKbased image fusion approach. The experimental results of two study areas are provided in Sections III and IV to demonstrate the applicability of the proposed fusion approach. Section V provides some further discussions, followed by a conclusion in Section VI. 
II. METHODS

A. ATPRK
ATPRK consists of regression-based overall "trend" (i.e., the spatially varying mean of a spatial process) estimation and area-to-point kriging (ATPK)-based residual (i.e., the variation remaining after removal of the trend) downscaling [30] , [35] , [36] . The principle of ATPRK is briefly introduced below. More details can be found in [30] and [34] . Denoting the predictions of the regression and the ATPK parts asẐ
At a specific location x 0 , the regression predictionẐ l v1 (x 0 ) is a linear transformation of the fine pixel in the corresponding fine band, say band k
Assuming the relation in (2) is invariant with spatial scale, the coefficients a l and b l in (2) are calculated according to the relationship between the observed coarse band l and the 
where the coefficients are estimated by ordinary least squares [37] . R l V (x) is a residual term that needs to be downscaled to the fine spatial resolution in the following.
ATPK is performed in the second stage to downscale the coarse residuals R l V (x) in (3) to the target fine spatial resolution. The fine residual at location x 0 is predicted aŝ
in which λ i is the weight for the i th coarse residual centered at x i and N is the number of neighboring coarse pixels (5 × 5 coarse pixels in this paper). The weights {λ i |i = 1, . . . , N} are calculated according to the kriging matrix ⎡
where
is the coarse-to-coarse semivariogram between coarse pixels centered at x i and x j in band l,
is the fine-to-coarse semivariogram between fine and coarse pixels centered at x 0 and x j in band l, and θ is the Lagrange multiplier. Suppose, s is the Euclidean distance between the centroids of any two pixels and h l V (s) is the PSF of the sensor. 
where * is the convolution operator. γ l vv (s) can be estimated by deconvolution of the coarse semivariogram calculated from the coarse residual image R l V (x). Details on the deconvolution approach can be found in [30] .
B. Extending ATPRK for Fusion of Landsat 8 and Sentinel-2
The proposed fusion approach makes full use of the information in 10 or 20 m Sentinel-2 bands, 30 m Landsat 8 multispectral bands, and the 15 m Landsat 8 PAN band to produce 10 m Landsat 8 multispectral bands. This section introduces the principle of extended ATPRK-based fusion approach.
As seen from Table I , 20 m Sentinel-2 bands 11 and 12 have the same wavelength as 30 m Landsat 8 bands 6 and 7 and the former will be fused with the latter in downscaling. Obviously, the two 20 m Sentinel-2 bands need to be downscaled to 10 m in advance to provide the 10 m reference for Landsat 8 bands 6 and 7. For the downscaling process, the 10 m information in Sentinel-2 bands 2, 3, 4, and 8 can be used. This process can be achieved using the ATPRK approach, where the 10 m Sentinel-2 bands 2, 3, 4, and 8 are treated as fine bands (covariates).
The wavelength of the Landsat 8 PAN band is 500-680 nm, which covers those of Landsat 8 bands 2-4 but not bands 5-7. Thus, compared with 10 m Sentinel-2 images, the Landsat 8 PAN image may sometimes not be able to provide sufficient useful spatial information for downscaling bands 5-7. On the other hand, if the LCLU changes between the Sentinel-2 and Landsat 8 images are large or the acquisition time of the two types of data is very different, using only Sentinel-2 , and 12 that have the same wavelength with Landsat 8 bands 5-7 may also not be able to provide sufficient textural information at 10 m spatial resolution for the changed areas. Based on this hypothesis, in the proposed fusion approach, Landsat 8 bands 2-4 are downscaled using both Sentinel-2 (corresponding bands 2-4) and Landsat 8 PAN images as auxiliary data. For Landsat 8 bands 5-7, Sentinel-2 images are still used for fusion as they provide spatial information at the desired 10 m spatial resolution, which is particularly valuable for unchanged areas. However, whether the Landsat 8 PAN image should be considered for Landsat 8 bands 5-7 depends on its correlation coefficient (CC) with them. Fig. 1 illustrates schematically the fusion approach.
For the lth (l = 5, 6, and 7) band of Landsat 8, we denote the CC between the band and the Landsat 8 PAN band as CC(L l , L PAN ) and the CC between the band and the corresponding kth Sentinel-2 band (k = 8, 11, and 12) as
, the PAN image is used in fusion; otherwise, the PAN image is not considered as helpful auxiliary data and only the Sentinel-2 images are used. Note that before calculating the CCs, the Landsat 8 PAN band and Sentinel-2 bands 8, 11, and 12 need to be upscaled to 30 m to match the spatial resolution of the Landsat 8 bands 5-7.
The proposed fusion approach is, thus, implemented as follows. Table I ). That is, a single covariate 
, the PAN image is used, and the downscaling process for this Landsat 8 band is similar to that for Landsat 8 bands 2-4 (see steps 2-5), where Sentinel-2 band 8, 11, or 12 is involved instead). Otherwise, only the corresponding 10 m Sentinel-2 band is considered as the covariate and fused with the 30 m band to produce the final 10 m downscaling result for this Landsat 8 band. As the spatial resolution ratio between the 15 m PAN and 10 m Sentinel-2 bands is not an integer, step 3) of downscaling and step 5) of backward upscaling are introduced, which means that it is essentially 10 m Sentinel-2 information incorporated in the fusion process. The uncertainty in downscaling in step 3), which involves direct interpolation without auxiliary data, can be eliminated by the upscaling process in step 5).
In the proposed ATPRK-based fusion approach, the 10 m Sentinel-2 bands are used mainly to provide valuable information at the target fine spatial resolution, while the 15 m PAN band is used to provide information for those changes that cannot be sufficiently characterized by 10 m Sentinel-2 bands (e.g., abrupt LCLU changes). For downscaling Landsat 8 bands 5-7, whether the Landsat 8 PAN band should be incorporated that is determined by a completely automatic solution, which makes the proposed approach more user friendly. Based on the appealing advantage of the perfect coherence of APTRK, the original Landsat multispectral information at 30 m spatial resolution is precisely preserved. Note that when no LCLU changes occur between Sentinel-2 and Landsat 8 observations, using only Sentinel-2 image as the covariate would lead to almost the same performance as using both Sentinel-2 and Landsat 8 PAN images as covariates.
III. EXPERIMENTS FOR THE FIRST STUDY AREA
A. Data and Experimental Setup
In the experiments for the first study area, the Landsat 8 and Sentinel-2 data sets used to cover a scene in Verona, Italy (10.9935°E, 45.4865°N). The study area has a spatial extent of 18 km × 18 km, and correspondingly, the 30 m Landsat bands contain 600 × 600 pixels, the 15 m Landsat PAN band contains 1200 × 1200 pixels, and the 10 m Sentinel-2 bands contain 1800 × 1800 pixels. The study area is covered mainly by vegetation, urban buildings, water, and bare soil/plough. The Sentinel-2 data were acquired on August 18, 2015. They are Level-1C products and provide geo-coded top of atmosphere (TOA) reflectance with a subpixel multispectral registration in the UTM/WGS84 projection [14] . As for the Landsat 8 data sets (multispectral bands 2-7 and PAN band 8), we used four observations acquired on September 6, 2015, August 5, 2015, April 10, 2015, and November 1, 2014, respectively. All the Landsat 8 data sets are also in the UTM/WGS84 projection. The original digital number was converted to TOA reflectance using the radiometric rescaling coefficients and Sun angle provided in the product metadata file [38] . The Sentinel-2 and Landsat 8 images are shown in Fig. 2 . From November 1, 2014 to September 6, 2015, the area experienced several LCLU changes, especially for the places dominated by bare soil/plough and vegetation classes. The reason is that crop planting and harvest as well as phenological changes occurred during the period.
The 30 m Landsat 8 bands could be fused with the 10 m Sentinel-2 bands to produce the 10 m Landsat 8 images. However, no reference at 10 m could then be used to examine the performance of downscaling objectively. Thus, for reliable assessment, synthetic data sets were used in the experiments. More precisely, all available data were convolved with a square wave PSF and degraded by a factor of 3. Accordingly, the bands are known perfectly and can be used for objective assessment. This is a scheme used commonly in experimental studies to evaluate downscaling approaches [39] .
The SFIM [23] and ATWT [21] methods, as well as the popular spatio-temporal fusion method STARFM [8] , were used as three benchmark methods for comparison. They fused directly the 90 m Landsat bands with 30 m Sentinel-2 bands to produce 30 m Landsat results. For STARFM, its implementation requires a coarse-fine spatial resolution image pair (i.e., 90-30 m Sentinel-2 image pair here). In the experiments, the 90 m Sentinel-2 image was simulated by degrading the available 30 m Sentinel-2 image with a square wave PSF. Through trial-and-error tests, a moving window with a size of 7 × 7 fine-resolution pixels (in units of 30 m) was used to search spectrally similar neighboring 30 m pixels, and three similar pixels were selected in each moving window. Moreover, three different versions of ATPRK were also implemented. The first one uses only 30 m Sentinel-2 data, while the second one uses only the 45 m PAN band (i.e., the standard pan-sharpening problem). The third one is the proposed fusion approach that uses both the Sentinel-2 and Landsat PAN images. For clarity, we denote the three versions as ATPRK1, ATPRK2, and ATPRK3. For ATPRK2, the 45 m image band with 400 × 400 pixels was first interpolated to 600 × 600 pixels by bicubic interpolation to match the spatial size of the 30 m spatial resolution images. The interpolated PAN image was then fused with the 90 m Landsat 8 multispectral bands to produce 30m predictions.
Six indices were used for quantitative assessment, including the root-mean-square error (RMSE), CC, universal image quality index (UIQI) [40] , relative global-dimensional synthesis error (ERGAS) [41] , spectral angle mapper (SAM), and coherence. The ideal values for RMSE, CC, UIQI, and ERGAS are 0, 1, 1, and 0, respectively. For RMSE, CC, and UIQI, they were first calculated for each band, and then the values for all bands were averaged. For SAM, values for spectra of all pixels were first calculated and then averaged. Coherence (quantified by the CC) is an index measuring the relation between the observed coarse image and the coarse image obtained by upscaling the sharpened image. For each multispectral band, a coherence value was calculated and the values for all bands were averaged.
B. Downscaling Landsat 8 Images Acquired Before the Sentinel-2 Image
In this section, the 90 m Landsat data of August 5, 2015 were downscaled to 30 m. The acquisition time of the Landsat data is before that of Sentinel-2 (August 18, 2015), and thus can illustrate the performance of the proposed approach for downscaling Landsat images in the past (i.e., acquired earlier than Sentinel-2). For convenience of visual inspection, Fig. 3 shows the results for a 4.5 km × 4.5 km subarea where bands 432 were selected as the RGB composite. From the date of Landsat 8 acquisition to Sentinel-2, the study area was subject to several LCLU changes; see the objects in beige (marked in red) in the Sentinel-2 image in Fig. 3(b) that are fields with crops (in green) in the Landsat image which have been harvested and are bare soil (beige) in the Sentinel-2 image. As shown in the results, the downscaling results are visually more satisfactory than the original 90 m coarse image in Fig. 3(c) and many details can be reproduced, suggesting the benefits of the fusion methods.
Evaluating the results of the six methods, SFIM produced speckle artifacts within urban areas. Due to the LCLU changes, saturation artifacts [especially for bare fields in Fig. 3(b) ] and ambiguous boundaries (for example, the barefield objects in the first few samples) were produced in the SFIM and STARFM results. ATWT produced smooth results for urban pixels, but the saturation artifacts become more obvious. Although ATPRK using only Sentinel-2 (ATPRK1) can alleviate some saturation artifacts (e.g., around the boundaries of green fields) to some extent and produces more accurate results than STARFM, SFIM, and ATWT, it still failed to deal with some changes and some linear artifacts remain. Using only the 45 m PAN image for downscaling (ATPRK2), the result is over smooth and many details cannot be observed as clearly as those in the 30 m ATPRK1 results. By referring to the reference in Fig. 3(a) , the proposed method (ATPRK3) is found to produce the most accurate result among all methods, and remarkably, it is able to remove almost all saturation artifacts produced by the LCLU changes and reproduce more accurately the LCLU boundaries.
Quantitative assessment for the entire 18 km × 18 km study area is shown in Table II. As listed in the table, STARFM, SFIM, and ATWT are less accurate than the three ATPRK-based methods. For example, the CC and UIQI for STARFM, SFIM, and ATWT are below 0.94, but for the three ATPRK-based methods, both indices are above 0.94. All three ATPRK-based methods produced perfect coherence 
C. Downscaling Landsat 8 Images Acquired After the Sentinel-2 Image
To illustrate the performance of the proposed approach for downscaling Landsat images in the future (i.e., acquired later than Sentinel-2), the 90 m Landsat 8 image of September 6, 2015 was downscaled to 30 m. Fig. 4 shows the results of the six methods of the same 4.5 km × 4.5 km subarea as in Fig. 3 . Compared to the Landsat image of August 5, 2015, the Landsat image of September 6, 2015 shows fewer LCLU changes relative to the Sentinel-2 image. Similar to the previous experiment, SFIM produced speckle artifacts for urban areas, ambiguous boundaries for large size objects, and elongated artifacts, which are caused mainly by the LCLU changes. STARFM, ATWT, and ATPRK1 mitigated these phenomena, but the LCLU boundaries are still ambiguous. ATPRK2 using only the 45 m Landsat PAN image cannot provide clear LCLU information at the desired finer spatial resolution. Focusing on the result of the proposed ATPRK3 method, the boundaries between the LCLU classes are much clearer than those in the other five results, and it is the closest to the reference in Fig. 4(a) . Table III displays the accuracies of all tested methods for the entire 18 km × 18 km study area. Similar to visual inspection, the three ATPRK-based methods are more accurate than STARFM, SFIM, and ATWT. As for the intercomparison between the three ATPRK-based methods, ATPRK2 is the least accurate. In this experiment, the Landsat 8 bands 5-7 also have a larger correlation with Sentinel-2 bands 8, 11, and 12 than for the Landsat 8 PAN band, and thus, the PAN band was not used for these three bands. As a result, ATPRK1 and ATPRK3 have the same performances for Landsat 8 bands 5-7. Using both PAN and Sentinel-2 data, however, ATPRK3 increased the overall CC and UIQI by 0.0070 and 0.0071, respectively. The accuracies of both ATPRK1 and ATPRK3 are greater than those in Table II , and the accuracy gain of ATPRK3 over ATPRK1 is smaller than in Table II . This is because fewer LCLU changes occurred between the Sentinel-2 image and the Landsat image used in this experiment. This experiment reveals that the proposed approach also works for downscaling Landsat images in the future.
D. Downscaling Historical Landsat 8 Images
To examine the proposed method for downscaling Landsat 8 images that were acquired long before the Sentinel-2 image, the 90 m Landsat 8 images of April 10, 2015 and November 1, 2014 were downscaled to 30 m. The accuracies measured by the six indices in Table IV (entire 18 km × 18 km study area) also lead to the same conclusion that ATPRK3 is more accurate than ATPRK1 and ATPRK2. More importantly, two further observations can be made by comparing Tables II  and IV Second, different from the previous two experiments where the PAN bands were not used for Landsat 8 bands 5-7, in this experiment, the PAN band was used for some of the Landsat 8 bands 5-7 (e.g., bands 6 and 7 of the Landsat 8 data of April 10, 2015) . The reason is that as the time interval between the Sentinel-2 image and the Landsat 8 image increases, the changes between the two types of data increase. As a result, the correlation between the Sentinel-2 bands 8, 11, and 12 and Landsat 8 bands 5-7 decreases to be smaller than that between the Landsat 8 PAN and Landsat 8 bands 5-7, and the Landsat 8 PAN band needs to be incorporated into the fusion process to provide more reliable information.
E. Use of the Landsat 8 PAN Image in Downscaling Landsat 8 Bands 5-7
The proposed approach determines whether the PAN band should be incorporated into the downscaling of Landsat 8 bands 5-7 according to the correlation between them. This necessitates a comparison between the proposed method (ATPRK3) and the method that uses consistently the PAN band for all Landsat 8 bands 5-7. Fig. 5 shows the results for bands 5-7 for the 4.5 km × 4.5 km subarea of the Landsat 8 images on August 5, 2015 and November 1, 2014. It is observed clearly that when using the PAN band for all three Landsat bands, the results are ambiguous and some linear features cannot be restored. The results of the proposed approach are visually more satisfactory. The quantitative assessment (in terms of CC) of the two schemes for all four full Landsat 8 observations in Fig. 2(b) -(e) is displayed in Table V . Although the proposed selective approach sometimes produced smaller CCs for several bands, the CCs for most of the bands as well as the overall accuracies are greater. This experiment validates the rationale of the selective scheme for employing the PAN band in downscaling Landsat 8 bands 5-7 in the proposed fusion approach. 
F. Results of the 10 m Downscaled Landsat 8 Images
To reveal the applicability of the proposed fusion approach in practice, we applied it to downscale the observed 30 m Landsat 8 images to 10 m, using the 10 m Sentinel-2 and 15 m PAN images. 
IV. EXPERIMENTS FOR THE SECOND STUDY AREA
The second study area covers an 18 km × 18 km scene in Treviso, Italy (12.2322°E, 45.6578°N). The study area is covered mainly by a mix of vegetation, bare soil/plough, and urban buildings. In this section, one Sentinel-2 data set and one Landsat 8 data set were used, which were acquired on August 18, 2015 and September 12, 2015, respectively. The preprocessing of the two types of data and experimental setup is the same as that for the first study area in Section III. Fig. 7 shows the Sentinel-2 and Landsat 8 images.
The 30 m results of the six image fusion methods are shown in Fig. 8 , where a 4.5 km × 4.5 m subarea is used for analysis. Consistent with the visual inspection in Section III, the STARFM, SFIM, and ATWT methods produced ambiguous boundaries, especially for objects in beige, due to the LCLU changes that occurred between the Sentinel-2 [ Fig. 8(a) ] and Landsat images [ Fig. 8(b) ]. Using the Landsat PAN image, the proposed ATPRK3 method can reproduce more accurate boundaries. Table VI lists the quantitative assessment for the entire 18 km × 18 km area. To examine the performances for regions subject to LCLU changes [e.g., objects in beige in Fig. 8(a) ], the accuracies for only changed pixels are also provided. Clearly, ATPRK3 is more accurate than the other five methods in terms of all five indices. The accuracy gains are more obvious when only changed pixels are considered in the accuracy statistics. For example, when considering all pixels, the UIQI of ATPRK3 is 0.0391, 0.0407, 0.0412, and 0.0195 larger than STARFM, SFIM, ATWT, and ATPRK1, but the gains are increased to 0.0721, 0.0670, 0.0721, and 0.0331 when only changed pixels are considered. This suggests that the ATPRK3 is more advantageous in reproducing LCLU changes. 
V. DISCUSSION
A. Contributions
This paper presents a new approach for fusing Landsat 8 with Sentinel-2 images to coordinate their spatial resolutions for continuous monitoring. The spatial resolution of the Landsat 8 images is downscaled to 10 m to match that of the Sentinel-2 images. The contributions of this paper lie in the theoretical innovation, technological advancement, and application potential.
Conceptually, for each 30 m Landsat 8 band, we employ the information from the 10 m Sentinel-2 band with the same wavelength and incorporate it into the downscaling process. We also account for the LCLU changes between the Landsat 8 and Sentinel-2 images to increase the accuracy of the downscaled Landsat 8 images. The objective is to take full advantage of all the information provided by the two types of sensors for more reliable monitoring at both fine spatial and temporal resolutions. Technically, the advanced ATPRK approach is proposed for the fusion task, where the 10 m Sentinel-2 images are treated as covariates and provide valuable fine spatial resolution information. Based on ATPRK, the spectral properties of the original Landsat data can be perfectly preserved. To account for the LCLU changes, a Landsat 8 PAN image is incorporated into the downscaling process for further enhancement. Since the PAN band is always acquired at exactly the same time as the multispectral bands, it encompasses information on changes that cannot be observed by the Sentinel-2 images.
Fusion of Landsat 8 and Sentinel-2 has great potential application value. First, for the Landsat 8 data acquired after the launch date of the Sentinel-2 satellite, they can be downscaled to 10 m and embedded to the available Sentinel-2 time-series data to produce finer temporal resolution data at 10 m spatial resolution, and more continuous global monitoring can be achieved to observe rapid changes. The 10 m products can provide analysts with more spatial details and more explicit LCLU information than the original 30 m Landsat data, as can be observed clearly from the benefits presented in Fig. 6 . The experimental results in Sections III-B and III-C where the Landsat 8 data were acquired temporally close to the Sentinel-2 data demonstrated that the proposed ATPRKbased fusion approach is suitable for coordinating the spatial resolutions of the two types of data for more continuous monitoring. Timely monitoring is critical in a wide range of applications, such as the urbanization process in highly developed cities [4] , [5] and deforestation and forest degradation processes (for example in Amazon rainforest where intervention is needed quickly following the detection of deforestation) [6] . Apart from LCLU changes, the finer temporal resolution Sentinel-2 data will also have great potential in monitoring rapid changes in vegetation phenology, especially in agricultural areas. The proposed fusion approach is suitable for different study areas. (ATPRK3 is consistently superior to the benchmark methods for the two study areas in Sections III and IV.) For large scale or global monitoring, the approach can be implemented in units of small tiles before postimage mosaicking.
Second, the historical Landsat 8 data acquired between February 2013 (the launch time of Landsat 8) and June 2015 (the launch time of Sentinel-2) can also be downscaled to 10 m with the proposed fusion approach. The experimental results in Section III-D where the two Landsat 8 data sets were acquired before the Sentinel-2 data (with time intervals of 125 and 285 days, respectively) revealed that the proposed fusion approach has potential for downscaling historical Landsat 8 data to 10 m. However, it should be noted that the historical Landsat 8 data should not be dated too much earlier than the Sentinel-2 data, because the amount of LCLU change generally increases and the accuracy of the proposed method decreases as the time interval between the Sentinel-2 and Landsat 8 data acquisitions increases.
B. Remarks on Downscaling Results
As the wavelength of Landsat 8 PAN band covers only that of OLI bands 2-4 but not bands 5-7, the proposed method judges the use of the PAN band in downscaling bands 5-7 according to their correlation. This unavoidably decreases the accuracy in downscaling bands 5-7. As can be seen from the quantitative assessment in Tables II-IV, the proposed method produced greater accuracy for Landsat 8 bands 2-4.
The effectiveness of the proposed fusion method was demonstrated using the synthesized 90 m Landsat data, because the 30 m data are known perfectly for both quantitative and visual evaluation. In Section III-F, we provided only visual evaluation for real 10 m predictions, as we have no access to the 10 m reference for validation. The downscaling process from 90 to 30 m could be different to that from 30 to 10 m, as more small size objects need to be restored in the latter case. In the future research, for evaluation of the performance of any method for fusion of Landsat 8 and Sentinel-2 data, it would be interesting to collect some field data, aerial photos, (e.g., from unmanned aerial vehicle) or very fine spatial resolution satellite sensor images of the same area to create a 10 m reference. The calibration between the different source data may be a key issue.
C. Comparison With Fusion of Landsat and SPOT Data
For Sentinel-2 MSI, the four 10 m bands are specifically modeled to ensure compatibility with SPOT 4 and 5 and meet the user requirements for LCLU classification [14] . In some studies, Landsat data were fused with SPOT data to obtain finer spatial resolution Landsat data [42] , [43] . This means fusing Landsat multispectral bands with either the SPOT PAN band (e.g., fusion of 30 m Landsat 5 multispectral and 10 m SPOT 4 PAN bands) [42] or SPOT multispectral bands (e.g., fusion of 30 m Landsat 5 multispectral and 10 m SPOT 5 multispectral bands) [43] . This may also be a feasible solution for more frequent monitoring at the global scale. However, SPOT is a commercial satellite imaging mission and the real-time data are generally not freely available. This is not the case for Sentinel-2 data which are available free. If 10 m SPOT 5 data are available, they could be readily considered for incorporation with Sentinel-2 data to downscale the 30 m Landsat 8 data to 10 m, but more importantly, provide more dense real 10 m observations. Recently, the French government space agency opened publicly the SPOT data archive for over five years. This will certainly motivate future research for fusion of Landsat, Sentinel-2, and SPOT data for more continuous monitoring.
D. Multiple Sentinel-2 Images
In this paper, we consider only one Sentinel-2 image for downscaling Landsat 8 images covering the same area. Based on the ATPRK approach, Sentinel-2 bands are considered as covariates. It would be interesting to use multiple Sentinel-2 images for the fusion problem, particularly where they are acquired temporally close to the Landsat data of interest. Using multiple Sentinel-2 images is convenient for ATPRK, as the geostatistical approach can readily incorporate multiple covariates by multiple regression. It is worth noting that the addition of the complementary Sentinel-2B satellite will be launched in mid-2016. The twin Sentinel-2 satellites will be in the same orbit and 180°apart from each other, and this increases the frequency of coverage from the current ten days to five days [44] . Thus, more Sentinel-2 images can be included in downscaling Landsat 8 data. More importantly, by fusing Landsat 8 with Sentinel-2 data, up to eight (three for current Sentinel-2A, three for the forthcoming Sentinel-2B, and two for Landsat 8) observations can be made per month.
E. Fusion of Landsat 7 and Sentinel-2 Images
This paper considers the fusion of Sentinel-2 data with Landsat 8 data. Landsat 7 ETM+ is another sensor in regular operation, but the SLC-OFF issue hampers its application to [45] , and the recently developed spatio-temporal interpolation method [46] and regression kriging method [47] . When filling SLC gaps, auxiliary full images covering the same area, but acquired at a proximate time, are generally required to provide reference data for the gaps. For example, Landsat 7 SLC gaps can be filled by referring to the Landsat 8 data acquired on proximate days. The gap-filled Landsat 7 data could then be fused with Sentinel-2 data for more continuous monitoring. Different from the Landsat 8 PAN band, the Landsat 7 PAN band covers a wider wavelength range from 520 to 900 nm, which also includes parts of the near infrared (775-900 nm). Therefore, using the proposed ATPRK-based fusion approach, the Landsat 7 PAN band might provide useful 15 m information for the Landsat 7 near-infrared band (corresponds to Landsat 8 band 5), which is a theoretical advantage over the Landsat 8 PAN band. However, it is not clear if use of the Landsat 7 PAN band will necessarily increase the accuracy of downscaling the Landsat 7 near-infrared band (i.e., using only Sentinel-2 band 8 might be sufficient for this band). Furthermore, the SLC gap filling process always involves uncertainties. Hence, it is also not clear to what extent such uncertainties will weaken the applicability of the gap-filled Landsat 7 PAN band in the fusion of Landsat 7 and Sentinel-2 data. Therefore, in the future research, it would be worthwhile to apply existing gap-filling methods [45] [46] [47] or develop a more powerful SLC gap-filling procedure and corresponding fusion approaches for combining Landsat 7 with Sentinel-2 data and to study the effect of the PAN band in downscaling the near-infrared band.
F. Alternatives for ATPRK
In the proposed fusion approach, ATPRK was used for downscaling. The experimental results demonstrated consistently that using only the Sentinel-2 image, ATPRK outperforms STARFM, SFIM, and ATWT. This justifies the use of ATPRK for further incorporating the Landsat 8 PAN band in downscaling Landsat 8 bands 2-7 in the proposed approach. The PAN and Sentinel-2 bands are not fused with the Landsat 8 multispectral bands simultaneously. Specifically, the PAN band is incorporated first and then the Sentinel-2 bands. Because the spatial resolution ratio between the 15 m PAN and 10 m Sentinel-2 bands is not an integer, additional procedures are involved (i.e., steps 3 and 5 in Section II-B). It would be interesting to develop a one-stage approach that can incorporate the PAN and Sentinel-2 bands simultaneously. Downscaling cokriging may be an appropriate solution to this requirement [32] , [33] . However, this geostatistical solution involves complex cross-semivariogram modeling and the size of the cokriging matrix would be large if both PAN and Sentinel-2 bands are considered.
G. Geometric Registration and Atmospheric Correction
Although Sentinel-2 and Landsat have the same geographic reference point, it should be noted that there is also a misalignment of the two sensors [48] , [49] . The degree of misalignment varies geographically. As indicated by Storey et al. [48] , however, for some locations and applications the sensor misregistration may not be an issue. In the two study areas in the experiments, the Sentinel-2 and Landsat 8 images are visually highly aligned with each other, and thus, no further registration was performed. However, further enhancement of alignment between the two types of images is expected to increase the accuracy of image fusion, especially for areas with large misalignment. An automated approach was developed for this issue recently [49] .
The atmospheric correction of Sentinel-2 data (i.e., transformation from TOA reflectance to surface reflectance) is currently still under methodological development, although the ESA has released an early version of the Sen2Cor algorithm [50] . In the experiments, we considered TOA reflectance (unitless) for both Landsat 8 and Sentinel-2 data to maintain consistency. The OLI and MSI sensors have the same radiometric resolution (12-b quantization). However, postatmospheric correction can be performed readily on the 10 m fused TOA products (e.g., Landsat 8 and Sentinel-2 data can be processed separately based on their respective reliable algorithms) to produce time-series of surface reflectance for applications based on surface reflectance. In experiments, we compared the proposed approach with two pan-sharpening-based methods (SFIM and ATWT), one popular spatio-temporal fusion method STARFM, and another two ATPRK-based approaches that used only Sentinel-2 data and only Landsat 8 PAN data for fusion. The findings from both visual and quantitative evaluation are summarized as follows.
1) ATPRK is more accurate than STARFM, SFIM, and ATWT, whether or not the Landsat 8 PAN is incorporated in the fusion process.
2) By making use of both Sentinel-2 data and Landsat 8 PAN data, ATPRK can satisfactorily account for LCLU changes and produces more accurate downscaling results than the ATPRK approach using only the Sentinel-2 data or only the Landsat 8 PAN band for fusion. 3) ATPRK can perfectly preserve the spectral properties of the original Landsat 8 data. 4) The PAN band may not be useful for downscaling some of the Landsat 8 bands 5-7, but its value may increase as the LCLU changes between the Sentinel-2 and Landsat 8 data acquisitions increase. The approach developed in this research holds considerable potential for generating frequent fine spatial resolution image data that can be applied in the monitoring of highly dynamic environmental phenomena.
